Abstract. This paper presents an analysis of a single-phase line interactive uninterruptible power supply (UPS) system, allowing output voltage conditioning, such as voltage harmonic suppression and sag/swell compensation. Additionally, the UPS input current is also compensated, allowing current harmonic suppression and reactive power compensation. In other words, the UPS system acts as a true unified power quality conditioner (UPQC), when working in standby operation mode. The power rate handled by both series and parallel PWM converters depend on the operation conditions of the UPS system, such as the amplitude of the fundamental input voltage, the total harmonic distortion of the load current, fundamental power factor of the load, battery charging, among others. In standby mode, the amplitude of the UPS output voltage will be allowed to vary in order to follow the amplitude of the input voltage within a limited range defined by design requirements. This strategy will allow an effective optimization of the efficiency of the UPS system. Mathematical analyses of the single-phase line interactive UPS system are presented in order to obtain the state space models of the two PWM converters. Validation results are presented in order to evaluate the performance of the line interactive UPS system.
Introduction
The growing use of nonlinear loads by industrial, commercial and residential consumers have contributed to increase the utility voltage distortions, which is verified by means of the high content of harmonic currents drained from the power supply systems. Parallel active power filters (APFs) have contributed to mitigate the effects on the power system caused by the circulation of harmonic currents generated by nonlinear loads and power [1] [2] [3] . Series APFs have been used to compensate utility voltage disturbances, such as sags, swells, harmonic voltages, etc. [3] [4] . On the other hand, series and parallel active filtering capability can be simultaneously performed by means of unified power quality conditioners (UPQCs) [5] [6] [7] . Specifically, uninterruptible power supply (UPS) systems have been employed in order to provide clean and uninterruptible power to critical loads such as, industrial controls, computers, medical equipments, and others, against power supply disturbances, such as sags, swells, outages, etc. Thus, under normal and abnormal incoming power conditions, UPS systems must be able to make the currents drained from the utility grid, sinusoidal with low harmonic contents. Simultaneously, it must provide to the load, balanced, regulated, and sinusoidal voltages with low total harmonic contents. Similar to UPQCs the line-interactive UPS system discussed in this paper acts as series and parallel APFs, when is operating in standby mode [8] [9] [10] [11] [12] . The series PWM converter works as a sinusoidal current source while the parallel PWM converter works as a sinusoidal voltage source. The PWM converters are controlled to operate in phase with the input voltage. Since, in standby mode, the UPS system operates as a UPQC, its efficiency is linked with both utility voltage and load conditions. Thereby, the power rates handled by the series and parallel PWM converters depend not only on the amplitude and harmonic contents of the input voltage, but also on the load fundamental power factor and on the harmonic contents of the load currents. Besides, the battery charging has also influence on the power rate of the PWM converters. The aim of this paper is to present plotted curves that allow determining the power rate handled by the PWM converters considering different conditions of the utility grid and loads. In addition, taking into account the power flow through the UPS system when it is operating as a UPQC, a strategy that allows the increasing of the PWM converters efficiency is also presented.
UPS Topology
The topology of the single-phase line-interactive UPS system is shown in Fig. 1 , which uses two single-phase full-bridge PWM converters coupled to a common DClink to perform the series and parallel APF functions. When the incoming power is normal, the series PWM converter is controlled to behave as a sinusoidal current source, while the parallel PWM converter is controlled to behave as a sinusoidal voltage source. The DC-link can be performed through a battery bank. A static switch 'sw' protects the critical loads, providing a fast disconnection between the UPS and the power supply when an occasional interruption of the incoming power occurs. In this case, the static switch 'sw' is opened and the series converter is disabled. Meanwhile, the parallel converter remains operating normally without any voltage transient transferred to the load. 
Voltage and Current References of the Series and Parallel Converters
Since the series PWM converter is controlled to make the source currents ( s i ) sinusoidal and in phase with the power supply voltage ( s v ), it must behave as a current source with a high enough impedance to isolate the line from the load harmonic currents. Similarly, the parallel PWM converter is controlled to act as a sinusoidal voltage source, such that regulated and sinusoidal output voltage ( L v ) is provided to the load. Any voltage disturbances such as sags, swells, harmonics and transients are handled by the series PWM converter through the series transformer. In addition, the parallel converter must behave as a voltage source with a low enough impedance to absorb the harmonic currents of the load. As with the source current, the output voltage is also controlled to be in phase with the power supply voltage.
A. Current SRF-Based Controller
The current synchronous reference frame (SRF)-based controller applied to single-phase loads is shown in Fig. 2  (a) . Measuring the load current ( L i ) provides the twophase stationary reference frame αβ quantities ( α i , β i ).
The acquired load current is treated as the ´α´ coordinate of the fictitious two-phase stationary reference frame (αβ). Subsequently, α i has a 2 π radian phase delay, producing the fictitious β coordinate ( β i ). Therefore, a new two-phase system, represented by (1), can be studied in the αβ-axes. The d value ( d i ) of the SRF-based controller is obtained by (2) , where the phase-angle is obtained from a PLL system, which will be identical to the utility phase-angle θ. The d-axis quantity 
The quantity dc i (Fig. 2a) is the output signal of the DCbus controller (PI controller), which represents the compensation of the losses related to the inductances and switching devices. In other words, the PI output signal dc i represents the total active power demanded by the conditioners to regulate the DC-link voltage.
B. Voltage SRF-Based Controller
The voltage SRF-based controller applied to single-phase loads is shown in Fig. 2 Normally this quantity is set to be constant and it is obtained directly from a PLL system. However, due to the fact that the difference between the input and output voltages will interfere in the power flow through the UPS, and consequently increasing the power rate of the PWM converters [9] , it is convenient to change the amplitude of the output voltage in order to follow the amplitude of the input voltage within a limited range. This procedure will contribute to increase the total efficiency of the UPS system. Obviously, the voltage variation range must be limited in order to satisfy the load voltage requirements. 
State Feedback Current and Voltage Controllers
In this section the state feedback controllers used in the single-phase UPS system are presented, which are implemented in dq-axes.
A. State Feedback Current Controller (Series APF)
The control of the series PWM converter is implemented based on SRF controller. Thereby, the mathematical modeling is presented in order to obtain the state space system and the transfer functions in the dq frame. 
The state-space system is defined as:
where ( )
The state equation in the synchronous frame dq, is given by (7) .
where
The block diagram of the physical system in dq-axes is shown in Fig. 3 , where d D , and q D are the duty cycles in the synchronous reference frame, which are obtained from the PWM, and dc V is the DC-bus voltage. The cross-coupling between the direct and quadrature axes can be eliminated using the decoupled model shown in Fig. 4 , where the shaded block is the decoupling term. Thus, in the synchronous dq-frame, neglecting the crosscoupling, the transfer functions of the system
given by (8) .
The block diagram of the current controller is shown in Fig. 5 (a 
B. State Feedback Current Controller (Parallel APF)
The control of the parallel PWM converter is also implemented based on SRF controller. Thereby, the mathematical modeling is presented in order to obtain the state space system and the transfer functions in the dq frame. To perform the modeling, the coupling inductance fp L and its resistance fp R , and the filter capacitor fp C are shown in Fig. 1 . Thus, from Fig. 1 , state equations of the system can be expressed by (10) and (11) .
The state equations in the synchronous frame dq, is given by (12) . The cross-coupling between the direct and quadrature axes can be eliminated using the decoupled model shown in Fig. 7 , where the shaded block is the decoupling term. Thus, in the synchronous dq-frame, neglecting the crosscoupling, the transfer functions of the system
given by (13).
The block diagram of the current controller is shown in Fig. 8 (a) , where the PI controller is used. Thereby, the closed loop transfer functions
is obtained, as follows:
The details of the Voltage Reference Generation and Voltage Control block, represented in Fig. 8 (a) , are shown in Fig. 8 (b) . 
Power Flow Through the UPS System
The apparent powers handled by the parallel and series converters, p S and s S , respectively, depend on the ratio between the output and input rms voltages ( 
Analysis of (16) and (17) Therefore, to make up the balance of the active power on the DC-bus the amplitude of the series reference current must be controlled, which is performed by means of an additional DC-bus controller, as shown in Fig. 5 (a).
Simulation Results
To verify the behavior of the UPS topology, it was simulated with the computational tool PSIM Version 9.0 ® , in which the single-phase converters operate at 20 kHz switching frequency. The simulations were performed considering a single-phase system feeding nonlinear load. The UPS operating in standby and backup modes is shown in Figs. 11 and 12 . For standby and backup operation modes, the input, series and output UPS voltages are shown in Fig. 11 , while the input, parallel and output currents are shown in Fig. 12 . The UPS working as UPQC, and performing the compensation of harmonic voltages, and sag/swell disturbances, are shown in Figs. 13 and 14. In Figs. 13 and 14 (a) , from 0s up to 104.16ms the power supply system is operating at nominal voltage. After that, from 104.16ms up to 187.5ms the system operates with sag disturbance. 
The swell disturbance occurs between 295.83ms and 404.16ms. Fig. 15 shows the instantaneous active power that flows through the series converter for the two strategies adopted. As can be noted the power that flows through the series converter in Fig. 15 (a) is lower than that shown in Fig. 15 (b) during the voltage disturbances. Thus, the Strategy 2 can contribute to increase the efficiency of the UPS system during normal and abnormal utility conditions. 
Conclusion
This paper presented an analysis of a single-phase line interactive uninterruptible power supply (UPS) system, allowing the output voltage conditioning, such as voltage harmonic suppression and sag/swell compensation. Additionally, the UPS input current was also compensated, allowing current harmonic suppression and reactive power compensation.
Curves that allow to identify the power rate handled by both series and parallel PWM converter were presented, as well as a strategy employed to increase the efficiency of the UPS was implemented.
Validation results were presented in order to evaluate the performance of the line interactive UPS system.
